ABSTRACT BSC-1 cells grow slowly, to high cell density, in medium with 0.1% calf serum. An increase in the serum concentration increases both the growth rate of the cells and the final cell density. The serum can be replaced to some extent by epidermal growth factor (EGF). Initiation of DNA synthesis in BSC-1 cells that have spread into a "wound" in a crowded cell layer requires the addition of a trace of serum or EGF, if the cells have previously been deprived of serum. The binding of 125I-labeled EGF to low-density and high-density BSC-1 cells has been studied. Binding is faster to low-density cells. Cells at low cell density also bindmuch more EGF per cell than cells at high cell density. The fraction of bound 12.1-labeled EGF that is present on the cell surface as intact EGF is larger at low than at high cell density. The results indicate that the number of available EGF receptors per cell decreases drastically as the cell density increases. It is suggested that a decrease in the number of available EGF receptor sites per cell, and the accompanying decrease in sensitivity of the cells to EGF, contributes to density-dependent regulation of growth of these cells. Information in the literature suggests that growth controls of epithelial cells differ from those of fibroblasts in cell culture (1-3). Epithelial cells often have a lower serum requirement, and the cell density to which they grow appears to be less dependent on the serum concentration and more dependent on the surface area of the culture dish (2). Because of these differences and because of the importance of epithelial cells in the origin of tumors, we have made a thorough study of the factors that control the growth of an epithelial cell line. The cell line, BSC-1 cells, originated from an African green monkey kidney (4). We have found that the growth of these epithelial cells is controlled by (i) the concentrations of serum factors added to the culture medium, (ii) the concentrations of low molecular weight nutrients in the medium, and (iii) the concentrations of inhibitory materials formed by the cells. The present paper summarizes the role of serum factors.
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MATERIALS AND METHODS
Cell Cultures. The BSC-1 cells (4) were the same strain as the cells used in previous studies (1, 2 (6) . For counting, cells were detached from the culture dishes with 0.025% trypsin in Ca-and Mg-free Tris/saline buffer (7) with 0.5 mM Na2EDTA, and were counted with a Coulter counter (model "F").
Epidermal Growth Factor (EGF), 125I-Labeled EGF (125I-EGF), and Antiserum to EGF. EGF was prepared from mouse salivary glands by the method of Savage and Cohen (8) . 125I-EGF (approximately 100,000 cpm/ng) was prepared by the soluble lactoperoxidase procedure (9) . Antiserum to EGF was raised in rabbits and was partially purified by ammonium sulfate fractionation and ion exchange chromatography (10) .
Binding of I25I-EGF to BSC-1 Cells. Binding studies were done on low-density cells 2 days after the cells were plated on 5-cm plastic tissue culture dishes (NUNC) in Dulbecco-Vogt modified Eagle's medium with 0.1% calf serum. High-density cells were grown for 2-3 weeks in the same medium with 0.1% calf serum, with the medium changed twice a week. Binding studies were done 2 days after a medium change.
The medium used for the EGF binding studies consisted of equal amounts of Dulbecco-Vogt modified Eagle's medium and Tris-buffered saline (7) and contained 0.1% bovine serum albumin, 0.1 MuM potassium iodide, unlabeled EGF as specified, and 125I-EGF (100,000 cpm/ng).
The culture medium was removed from the dish and the layer of cells was washed twice with 3-ml portions of cold Tris-buffered saline. The second wash was allowed to remain on the dish in an ice bath for 30 sec to bring the dish and layer of cells to 00-40. The Tris-buffered saline was removed, 1.5 ml of cold binding medium was added to the dish, and the dish was returned to the ice bath for incubation. For binding studies at 370, the preceding steps were carried out at 370.
After the incubation with the binding medium, the dish was carefully washed six times with 2-ml portions of cold Trisbuffered saline with 0.1% bovine serum albumin and 0.1 uM potassium iodide added. A final rinse with ice-cold Ca-and Mg-free Tris-buffered saline was used to facilitate the removal of the cells from the dishes. Two milliliters of trypsin/EDTA (as described above) was added and the dish was placed in a 370 dry incubator for 10-15 min until the cells were rounded. The cells were gently pipetted off the dish, 0.2 ml of the cell suspension was diluted, and the number of cells was counted in a Coulter counter. The remainder of the cell suspension was added to 0.2 ml of 5 M NaOH, to give a final concentration of 0.5 M NaOH. The mixture was incubated for 1 Fig. 1) show that both the growth rate and the final cell density increased with increasing serum concentrations. A low, but significant, amount of serum appeared to be required by BSC-1 cells because a serum concentration of 0.005% was inadequate for sustained growth of the cells. In 0.005% serum, the cells increased in number slowly for a few days and then began to deteriorate. The nature of the low requirement for serum has not been established. Serum could not be replaced by transferrin (11) Cells were plated at 2 X 106 cells per 5-cm dish in medium with 0.1% calf serum. The medium was changed after 4 and 8 days. After an additional 4 days, the cell layer in one set of plates was wounded without a medium change, and the remaining sets of plates were changed to medium without serum. The cell layers in these plates were wounded at the times indicated above. Serum and EGF were added at the time of wounding. [3H]Thymidine was added to the medium 18 hr after the cell layers were wounded and the cells were washed and fixed 8 hr after that. The labeled nuclei were counted after autoradiography (6).
EGF increased both the growth rate and the final cell density, but serum could not be replaced completely by EGF.
Response of Cells at the Edge of a "Wound." Table 1 gives the results of "wound healing" experiments with crowded BSC-1 cells grown in medium with 0.1% serum. In confirmation of the results of Dulbecco (1) , BSC-1 cells did not require added serum for initiation of DNA synthesis in cells that had spread into the edge of a wound in the cell layer. However, if the quiescent cells were first changed to medium without serum and allowed a few days to exhaust the residual traces of serum, subsequent initiation of DNA synthesis along the edge of a wound became dependent on the addition of either serum or EGF. Fig. 2 shows the "wound healing" experiment under conditions of serum deprivation. Initiation of DNA synthesis along the edge of the wound took place after the addition of a low concentration of serum or EGF. High concentrations of serum or EGF led to initiation of DNA synthesis in the crowded cells also. Table 1 . Cell Biology: Holley et al. Binding of 125I-EGF (3 ng of EGF per ml) was carried out as described in Materials and Methods; after 1-hr binding period at 00 or 370, the cells were washed. For determination of surface bound, intact internalized, and remaining in cells, EGF antiserum (10,l in 2 ml of medium per dish) was added and the dishes were incubated for 2 hr at 370 in a C02 incubator. One milliliter of medium was then removed from each dish and was mixed with 0.5 ml of cold 30% trichloroacetic acid. After 30 min at 40, the mixture was centrifuged for 30 min at 4°. Radioactivity in the precipitate gave the amount of surface-bound 125I-EGF, and that in the supernatant from the centrifugation gave the intact internalized values. The amount of 1251 remaining in the cells after the 2 hr incubation at 370 was determined after trypsinization of the cells. For determination of the degraded internalized value, a separate set of dishes, subjected to the same 125I-EGF binding and washing procedures, was extracted with 2 ml of cold 10% trichloroacetic acid per dish for 30 min at 00, and the acid-soluble 1251 was measured. The acid-soluble 125I was subtracted in the determination of the internalized, intact (later degraded) EGF.
Internalized degraded EGF is the acid-soluble 125I present in the cells at the time of addition of the antiserum. Most of the remaining 125I was released from the cells as acid-soluble 125I during a subsequent 2-hr incubation of the cells at 370 in the presence of antiserum to EGF, indicating that it represented intact 125I-EGF that had already been internalized at the time of addition of antiserum. The fraction of tht 125I-EGF found on the cell surface was less at high than at low cell density.
Activity of EGF at Low and High Cell Densities. Table 3 gives data on the response of low-density and high-density BSC-1 cells to a series of concentrations of EGF. A half-maximal response in the initiation of DNA synthesis was given by ap- proximately 0.5 ng/ml at low cell density and approximately 3 ng/ml at high cell density. Evidence for Cryptic EGF Receptor Sites on High-Density Cells. High-density BSC-1 cells transferred to fresh medium without added Ca2+ for 10-30min at 370 showed a.3-to 5-fold increase in 125I-EGF binding per cell. Binding was measured in the usual binding medium with Ca2+ in the presence of EGF at 8 ng/ml. In control experiments, transfer of cells to fresh medium with Ca2+ had no effect. The increase in EGF binding in medium without Ca2+ was not prevented by the addition of cycloheximide (1 ,.g/ml) 10 min before transfer to and during the incubation in medium without Ca2+. Binding of 125I-EGF to BSC-1 cells in suspension was not measured because the cells could not be detached from the culture dish without the use of trypsin.
DISCUSSION
The results (Fig. 1) confirm that BSC-1 cells have a low absolute requirement for serum (1) . The cells grow slowly, but to a high cell density, in 0.1% calf serum. Higher serum concentrations increase both the growth rate and the final cell density.
The serum requirement of BSC-1 cells is thus much lower than the serum requirement of many untransformed cells. For example, 3T3 cells show limited growth in medium with less than 1% serum, and each doubling of the serum concentration doubles the final cell density, up to at least 30% serum (15, 16) . In contrast, BSC-1 cells require approximately a 20-fold increase in the serum concentration for each doubling of the final cell density (Fig. 1) .
Hassell and Engelhardt have concluded, in a report (17) that appeared after this work was done, that the multiplication of African green monkey kidney epithelial cell lines is regulated by serum growth factors. In many respects our results are similar to theirs, but our strain of BSC-1 cells is less dependent on serum.
Our results in the "wound healing" experiment confirm those of Dulbecco (1) in showing a low serum requirement for initiation of DNA synthesis in BSC-1 cells that have spread into a wound, but the experiments do show that a trace of serum or EGF is required (Fig. 2) if the cells have been deprived of serum for a few days.
EGF added to medium with a low concentration of serum increases both the growth rate and the final cell density of BSC-1 cells. Because EGF is present in serum (18) , it is presumably one factor that controls the growth of BSC-1 cells in cell culture. However, EGF only partially replaces serum for growth of BSC-1 cells, suggesting that other serum factors are also required.
Binding of 125I-EGF to low-density BSC-1 cells reaches a maximum earlier than it does with cells at high density (Fig.  3) . At 370, binding to low-density cells is particularly rapid. This higher rate of initial binding may favor the growth of lowdensity cells.
Scatchard plots of 125I-EGF binding to BSC-1 cells at low and high cell densities indicate that there is a striking decrease in the number of EGF molecules bound per cell as the cell density increases (Fig. 4) . Data for the Scatchard plots were obtained after 1-hr binding of 125I-EGF at 0°. These conditions were chosen to minimize the decrease ("down-regulation") in the number of receptor sites that occurs rapidly at 37°in the presence of a high concentration of EGF (cf. Fig. 3 ). Analyses (Table 2) show that most of the total binding of 125I-EGF after 1 hr at 00 represents EGF bound to surface receptors (cf. ref. 19 ). The remainder is internalized and apparently is largely intact (acid-insoluble) 125I-EGF that is subsequently degraded at 370. The fraction of the bound EGF that is present on the cell surface is somewhat greater in low than in high-density cells.
In the Scatchard plots, with BSC-1 cells at low and high cell densities, the usual assumptions governing equilibrium binding studies were made (20) . The Scatchard plots appear to be linear and parallel, with the curve simply displaced to the left at high cell density. Intermediate cell densities give intermediate curves. The apparent equilibrium constant is approximately the same at each cell density (KS,_ 3 X 10-9 liters/mol) and only the number of "receptor sites per cell changes. Therefore, the "receptor sites" appear to vary only in quantity, and not in affinity for EGF, as the cell density increases. Carpenter et al. (19, 21) have reported that EGF receptor sites are specific for EGF and that other polypeptide serum factors and hormones do not compete with EGF for these receptor sites on human fibroblasts.
The decrease in 125I-EGF binding per cell at high cell density is consistent with the observation that a higher concentration of EGF is required to initiate DNA synthesis in crowded cells (cf. Fig. 2 and Table 3 ). From a comparison of the data in Table  3 and Fig. 4 , it can be inferred that the number of EGF molecules bound per cell for a half-maxmal response in the initiation of DNA synthesis is approximately the same at low and high cell densities. Because there are fewer available receptor sites per cell at high cell density, it takes a higher concentration of EGF to give the same number of EGF molecules bound. As Table 3 indicates, the maximal effect of EGF is also less on crowded cells. This is consistent with there being inadequate EGF receptors for maximum activity, but other explanations are also possible.
It is not clear what causes the decrease in number of available EGF receptors per cell in crowded BSC-1 cells. The fact that EGF binding increases several-fold within a few minutes if crowded cells are transferred to medium without Ca2+ indicates that cryptic EGF receptors are present. Whatever it is that is covering these EGF receptors, it apparently is not displaced by the addition of a high concentration of EGF. Perhaps crowding of BSC-1 cells leads to steric hindrance or immobilization of the EGF receptors. Whether, in addition, fewer total EGF receptors are formed by crowded cells is uncertain, because it is not known whether all cryptic receptors are revealed in medium without Ca2 .
Although a decrease in the number of available EGF receptor sites is observed in crowded BSC-1 cells, receptors for some growth factors have been found to increase in number on other cells under conditions of serum starvation or cell crowding. Thomopoulos and Roth (22) have reported that the number of receptor sites for insulin in BALB/3T3 cells is low in growing cells and increases in confluent cultures or in cultures that are serum-starved. Raizada and Perdue (23) have also reported an increase in number of insulin receptors per cell in chick embryo fibroblasts after serum starvation.
In conclusion, the results suggest that a decrease in the number of available receptor sites for growth factors is one mechanism that leads to density-dependent regulation of growth in BSC-1 cells. It is known that other mechanisms also contribute. As will be described in subsequent papers, restriction of growth at high cell density is also due to limiting concentrations of low molecular weight nutrients and to the accumulation of inhibitors in the culture medium. Therefore, it is suggested that a decrease in the number of available receptor sites for growth factors in only one of several density-dependent controls that interact and lead to cessation of growth at high cell
